stimulated EGFR activation (1 min) followed by extracellular signal-regulated protein kinase (ERK1/2) activation (2-5 min). SP-induced ERK1/2 activation was blocked by pretreatment with the metalloproteinase in-
hibitor Batimastat/GM6001, the EGFR phosphorylation inhibitor AG1478, and the tumor necrosis factor-␣-converting enzyme (TACE) inhibitor TAPI-1. Pretreatment with antibodies against potential EGFR ligands suggested that transforming growth factor-␣ (TGF␣), but not the other EGFR ligands EGF, heparin-binding EGF, or amphiregulin, mediates SP-induced EGFR transactivation. SP stimulated TGF␣ release into the extracellular space that was measurable within 2 min, and this release was inhibited by metalloproteinase inhibitors and the TACE inhibitor TAPI-1. SP also induced MAPKmediated cell proliferation that was inhibited by TACE, matrix metalloproteinase (MMP), EGFR, and MEK1 inhibitors. Thus, in human colonocytes, NK-1R-induced EGFR and MAPK activation and cell proliferation involve matrix metalloproteinases (most likely TACE) and the release of TGF␣. These signaling mechanisms may be involved in the protective effects of NK-1R in chronic colitis.
Substance P (SP), 1 an 11-amino acid neuropeptide belonging to the tachykinin family, is localized in the central nervous system (1), enteric nerves (2), sensory neurons (3) , and immune cells, such as macrophages (4) . SP has been associated with several intestinal functions, including motility (5), mucosal permeability (6) , and chloride secretion (7) , via binding to its high affinity neurokinin-1 receptor (NK-1R) expressed on several intestinal cell types. SP and the NK-1R play a pivotal role in the pathophysiology of intestinal inflammation. Thus, SP and NK-1R expression is increased in the colon of patients with inflammatory bowel disease (8) , in Clostridium difficile-associated colitis (9) , and in the ileum of rats injected with C. difficile toxin A (10, 11) . Pharmacologic antagonism of NK-1R (6, 12, 13) or genetic deletion of this receptor (14) results in reduced intestinal inflammation, whereas deletion of neutral endopeptidases, which degrade SP, enhances acute gut inflammation (15) . Along these lines SP acts as a proinflammatory peptide in vitro and induces secretion of interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor-␣ (TNF␣) (10, 16 -20) via activation of the transcription factor NF-B in target cells (21, 22) . However, studies with NK-1R-deficient mice also indicated that although NK-1R deletion protects mice from the acute phase of experimental colitis, all aspects of colonic inflammation were enhanced at later stages of colitis, indicating that SP may play a protective role in chronic colonic inflammation (28) .
Ligand binding to NK-1R, a G-protein-coupled receptor, leads to phosphoinositide hydrolysis (23) , calcium mobilization (24) , and mitogen-activated protein kinase (MAPK) activation (25, 26) . We reported previously that SP stimulation leads to activation of MAPK and increased DNA synthesis in U373 MG astrocytoma cells by a mechanism involving transactivation of the epidermal growth factor receptor (EGFR) (27) . Al-Sarrai and Thiel (28) also reported that SP via NK-1R causes transactivation of the EGFR in human glioma cells. However, whether SP transactivates EGFR in human colonocytes is not known. Moreover, the signaling mechanism(s) by which SP-NK-1R interactions lead to EGFR and MAPK activation and cell proliferation has not been identified. In this current study, we sought to identify the mechanisms of SP-induced activation of EGFR and MAPK and SP-induced cell proliferation in nontransformed human colonic epithelial cells stably transfected with NK-1R, as well as in U373 MG astrocytoma cells expressing high levels of endogenous NK-1R. roviral approach using the protocol described by us previously (20) . These cells possess characteristics similar to native colonocytes and have been used by us to study NK-1R signaling (20) . NCM460 and NCM460-NK-1R cells were cultured in M3D medium (INCELL Corporation, San Antonio, CA) containing 10% fetal calf serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen) solution. U373 MG astrocytoma cells expressing high levels of endogenous NK-1R (27) were obtained from ATCC (Manassas, VA) and cultured in minimum essential medium containing 10% fetal calf serum, 1% penicillin/streptomycin solution, 25 mM sodium bicarbonate, and 10 mM sodium pyruvate (Sigma).
Cell Signaling Experiments-NCM460, NCM460-NK-1R, and U373 MG cells seeded in 12-well plates at a density of 0.2 ϫ 10 6 cells/well were incubated overnight in serum-free M3D (NCM460 and NCM460-NK-1R cells) or minimal essential medium (U373 MG cells) containing 1% penicillin/streptomycin. Cells were then pretreated with the EGFR inhibitor AG1478 (0.4 M) (Calbiochem, La Jolla, CA), the metalloproteinase inhibitors Batimastat (3 g/ml) (BB94, British Biotech, Oxford, UK), GM6001 (8 M) (Calbiochem), the TNF␣-converting enzyme (TACE) inhibitor TAPI-1 (8 M) (Calbiochem), the MAPK kinase (MEK1) inhibitor PD98059 (25 M) (Calbiochem), or Me 2 SO for 30 min and then stimulated with SP, vehicle (control), or in some experiments EGF (20 ng/ml) (positive control for EGFR activation) for the time points indicated in Fig. 1 . In some experiments, NCM460-NK-1R or U373 MG cells were treated with either 8 M MMP2/9 inhibitor or 8 M CL-82198 (Calbiochem), and SP (10 Ϫ7 M)-induced ERK1/2 phosphorylation was determined by Western blot analysis. To determine the role of EGFR and its ligands in SP-induced EGFR and MAPK activation, serum-starved NCM460-NK-1R cells and U373 MG cells were pretreated with either control IgG (20 g/ml) or antibodies against EGFR (20 g/ml), EGF (20 g/ml), HB-EGF (20 g/ml), TGF␣ (20 g/ml), or amphiregulin (20 g/ml) (R&D Systems Inc., Minnesota, MN) for 1 h, followed by incubation with SP (10 Ϫ7 M) for 15 min. Western blot analyses of cell lysates were used to determine the levels of ERK1/2, phospho-ERK1/2, and/or phospho-EGFR as described below.
Western Blot Analysis-SP-treated cells were lysed in 1ϫ lysis buffer (62.5 mM Tris-HCl, 2% SDS, 10% glycerol, 0.01% bromphenol blue, and 1% 2-mercaptoethanol). Equal amounts of cell extracts were fractionated by 10% SDS-PAGE, and proteins were transferred onto nitrocellulose membranes (Bio-Rad) at 400 mA for 2 h at 4°C. Membranes were blocked in 5% nonfat dried milk in TBST (50 mM Tris, pH 7.5, 0.15 M NaCl, 0.05% Tween 20) and then incubated with antibodies directed against phospho-EGFR (Santa Cruz Biotechnology, Santa Cruz, CA), ERK1/2, and phospho-ERK1/2 (Cell Signaling, Beverly, MA). Membranes were washed with TBST and incubated with horseradish peroxidase-labeled secondary antibodies for 1 h. The peroxidase signal was detected by Supersignal chemiluminescent substrate (Pierce), and the image of the signal was exposed to x-ray film (Fujifilm, Tokyo, Japan). In some experiments, Western blot bands were quantified by densitometry and Scion image analysis software (Scion Corporation, Frederick, MD) with normalization of the phospho-ERK1/2 or phospho-EGFR phosphorylated bands to the corresponding band of control signal (ERK1/2) from the same samples.
TGF␣ ELISA-TGF␣ protein levels were determined by double ligand ELISA using goat anti-human TGF␣ (R&D Systems Inc.) according to the manufacturer's instructions (minimal detection limit of 0.5 pg/ml). Results were expressed as means Ϯ S.E. (pg/ml).
Cell Proliferation Assay-NCM460-NK-1R cells were seeded on 96-well plates (1 ϫ 10 6 cells/plate). Serum-starved NCM460-NK-1R cells in 100 l/well medium were pretreated with PD98059 (25 M), AG1478 (2 M), GM6001 (20 M), TAPI-1 (20 M), or vehicle (Me 2 SO) for 30 min and then exposed to SP (10 Ϫ7 M), EGF (20 ng/ml), or TGF␣ (20 ng/ml). After 24 h, 20 l of CellTiter AQueous One solution (MTS tetrazolium compound) (Promega) were added into each well and incubated for 1 h. The color changes resulting from the increased cell number were detected by reading absorbance at 490 nm using a 96-well plate reader.
Statistical Analysis-ELISA results were analyzed using the Prism professional statistics software program (GraphPad Software Inc., San Diego, CA). Analyses of variance (ANOVA) were used for intergroup comparison.
RESULTS

SP Stimulates Phosphorylation of the EGFR and ERK in a Time-and Dose-dependent Manner-SP-NK-1R
interactions participate in colonic mucosa healing during colitis presumably by stimulating EGFR-mediated colonic fibroblast proliferation (29) . To study the mechanism of SP-induced EGFR and ERK1/2 activation in colonic epithelial cells, we used non-transformed human colonic epithelial NCM460 cells, either non-transfected or stably transfected with NK-1R (NCM460-NK-1R). NCM460-NK-1R cells were used previously to study the signaling mechanisms by which substance P induces IL-8 expression (20) . Using a semiquantitative reverse transcription-PCR for human NK-1R mRNA (30), we found that NCM460 cells express NK-1R as shown by the presence of a 324-bp DNA fragment that corresponded to the full-length human NK-1R cDNA (data not shown). We also verified the authenticity of the PCR product by sequencing analysis (data not shown).
To examine whether SP causes EGFR transactivation and ERK1/2 phosphorylation, NCM460-NK-1R and NCM460 cells were treated with SP (10 Ϫ7 M) for the indicated time points. Cells were then lysed, and equal amounts of cell proteins were subjected to Western blot analyses using antibodies directed against tyrosine-phosphorylated EGFR or dual phospho-ERK1/2. In non-transfected NCM460 cells, SP did not induce significant EGFR or ERK1/2 phosphorylation (data not shown), indicating low levels of expression of NK-1R in these cells as indicated previously (20) . However, in NCM460-NK-1R cells, SP induced a transient increase in tyrosine phosphorylation of EGFR that was detectable as early as 1 min after SP exposure, peaked at 5 min, and returned to control levels at 45 min (Fig.  1A) . SP also induced phosphorylation of ERK1/2 that was evident at 2 min and with maximal intensity at 5-10 min (Fig.  1A) . This result is consistent with the notion that the ERK1/2 pathway is downstream of EGFR (27) .
To confirm these responses in cells expressing high levels of endogenous NK-1R we used U373 MG cells. Our results show that SP induced ERK1/2 phosphorylation as early as 1 min, with maximal intensity at 5-10 min (Fig. 1B) . The phospho-ERK signal was predominantly an ERK2 signal because it was correlated to a higher expression level of the ERK2 p42 subunit (Fig. 1B) . As expected, exposure of both cell types to EGF (20 ng/ml) induced ERK1/2 and EGFR phosphorylation in a similar fashion as in NK-1R-transfected and non-transfected U373 MG cells (Fig. 1) , as well as in non-transfected NCM460 cells (data not shown), indicating intact EGFR and ERK1/2 pathways in all cell lines. Next, NCM460-NK-1R and U373 MG cells were treated with different concentrations of SP for 15 min, and phosphorylation of ERK1/2 was measured. As shown in Fig. 2 , SP, at concentrations ranging between 10 Ϫ6 and 10 Ϫ9 M, stimulated ERK1/2 phosphorylation in a dose-dependent manner, whereas 10 Ϫ10 M SP had no significant effect. EGFR-and Metalloproteinase-dependent Pathways Are Involved in SP-induced MAPK Activation-To confirm the role of EGFR in SP-induced ERK1/2 phosphorylation in human colonocytes, we pretreated NCM460-NK-1R cells and U373 MG cells with either a neutralizing antibody directed against EGFR or a control IgG (20 g/ml) for 30 min and then exposed the cells to SP (10 Ϫ7 M) for 15 min. Our results showed that pretreatment with anti-EGFR neutralizing antibody, but not control IgG, significantly inhibited SP-induced ERK1/2 phosphorylation (Fig. 3) , indicating that SP induces ERK1/2 phosphorylation via the EGFR pathway.
It is known that EGF receptor transactivation by several G-protein-coupled receptors involves cleavage of precursors of EGF receptor ligands by metalloproteinases (31) (32) (33) . To determine whether SP-induced EGF receptor phosphorylation requires metalloproteinase activity, NCM460-NK-1R and U373 MG cells were pretreated with the broad metalloproteinase inhibitors Batimastat (BB94, 3 g/ml) and GM6001 (8 M), the EGFR inhibitor AG1478 (0.4 M), or a TACE inhibitor (TAPI-1, 8 M) for 30 min and then stimulated with SP (10 Ϫ7 M) for various time points. We found that BB94 and GM6001 inhib-ited SP-induced ERK1/2 phosphorylation (Fig. 4) . In addition, the EGFR inhibitor AG1478 (0.4 M) and the MEK1 inhibitor PD98059 (25 M) also completely inhibited SP-mediated ERK1/2 phosphorylation (Fig. 4) . The TACE inhibitor TAPI-1 also blocked SP-induced ERK1/2 phosphorylation. Preliminary Western blot experiments showed that TACE is highly expressed in NCM460-NK-1R cells (data not shown).
SP Stimulates TGF␣ Release, Which Activates EGFR-Our experiments described above (Figs. 3 and 4) indicate that SPinduced EGFR phosphorylation involves an extracellular ligand for the EGFR. It is well established that EGF (34), HB-EGF (35), TGF␣ (36) , and amphiregulin (37) represent the four ligands that bind and activate the EGFR. To identify the EGFR ligand(s) participating in SP-NK-1R signaling, NCM460-NK-1R cells were exposed to antibodies directed against EGF, HB-EGF, TGF␣, and amphiregulin or control antibodies for 1 h prior to SP (10 Ϫ7 M) stimulation. After 15 min, cell lysates were processed for Western blot analysis using an antibody directed against phosphorylated EGFR. Our results showed that SPinduced EGFR and ERK1/2 phosphorylation was significantly were incubated with serum-free M3D medium for 24 h and then exposed to SP (10 Ϫ7 M) for the indicated time points or EGF (20 ng/ml) for 15 min. Cells were then lysed, and equal amounts of protein were fractioned on 10% SDS-polyacrylamide gels to determine the levels of phospho-ERK1/2, ERK1/2, and phospho-EGFR. SP induces significant ERK1/2 and/or EGFR phosphorylation in NCM460-NK-1R and U373 MG cells. Results are representative of three independent experiments.
FIG. 2. SP activates phospho-ERK1/2 in a dose-dependent manner.
Serum-starved NCM460-NK-1R cells (A)
and U373 MG cells (B) were exposed to the indicated concentrations of SP for 15 min. Western blot analyses of cell lysates were used to determine the levels of phospho-ERK1/2 and ERK1/2. SP induces ERK1/2 activation in a dose-dependent manner in both cell types. Results are representative of three independent experiments. inhibited by anti-TGF␣ neutralizing antibodies, but not by control IgG nor by antibodies directed against the other EGFR ligands, in both NCM460-NK-1R (Fig. 5A ) and U373 MG (Fig.  5B) cells. Densitometric analysis of the results from NCM460-NK-1R cells showed that compared with control IgG, the TGF␣ neutralizing antibody significantly reduced SP-induced phospho-EGFR and phospho-ERK1/2 activation by 63 and 60%, respectively (Fig. 5C ). However, neutralizing antibodies against EGF, HB-EGF, and amphiregulin had no inhibitory effect in SP-induced phospho-EGFR and phospho-ERK1/2 activation (Fig. 5, A and B) .
To confirm and further explore the results with the TGF␣ neutralizing antibody (Fig. 5C) we examined whether SP directly stimulated TGF␣ release from its membrane-bound form into the extracellular space. To do this, NCM460-NK-1R (Fig.  6A ) and U373 MG (Fig. 6B ) cells were treated with SP for the indicated time intervals, and TGF␣ levels were measured in the conditioned media by ELISA. Compared with non-stimulated cells, SP induced a prompt release of TGF␣ into the media, which reached the maximal level within 2 min and remained elevated after 10 min (Fig. 6 ). As expected (38) , phorbol 12-myristate 13-acetate at 1 M also stimulated increased TGF␣ levels in both cell types (ϳ3-fold, data not shown). Moreover, the MMP inhibitors Batimastat and GM6001 and the TACE inhibitor TAPI-1 prevented SP-induced TGF␣ release (Fig. 6) . TGF␣ release in GM6001-pretreated U373 MG cells without SP stimulation was below the detection limit of the assay (Fig. 6B) . Thus, SP-induced release of TGF␣ is metalloproteinase-dependent.
SP Stimulates Colonic Epithelial Cell Proliferation via MMP-, EGFR-, and MAPK-dependent Pathways-Although
SP was known to induce DNA synthesis in U373 MG astrocytoma cells (27) , a similar mitogenic SP response has not been investigated in normal colonic epithelial cells. Using a MTS-based cell proliferation assay, SP (10 Ϫ7 M) was found to significantly increase cell proliferation by ϳ18% within 24 h of exposure (Fig. 7A , **, p Ͻ 0.01), which was almost completely abolished by inhibition of MEK1 with 25 M PD98059 (Fig. 7A, * , p Ͻ 0.05). PD98059 pretreatment without addition of SP did not significantly affect cell viability. Exposure to EGF (20 ng/ml) and TGF␣ (20 ng/ml), serving as positive controls, also stimulated a similar PD98059-sensitive mitogenic response (Fig. 7A , ***, p Ͻ 0.001). Inhibition of EGFR, MMPs, and TACE by AG1478, GM6001, and TAPI-1, respectively, also blocked SPinduced mitogenesis to basal level (Fig. 7B, *, p Ͻ 0.05) .
DISCUSSION
Previous studies with NK-1R-deficient mice indicated that the NK-1R plays an important protective role in the healing phase of experimental colitis (28) and presented evidence in mouse colonic fibroblasts that activation of EGFR may participate in this response in a NK-1R-dependent manner (28). We have also shown that SP can stimulate proliferation of human astrocytoma cells via an EGFR-dependent MAPK pathway (27) . However, whether similar NK-1R-dependent signaling events can take place in human colonocytes, an important cell target for the development of colitis, is not known. Most importantly, the upstream NK-1R-dependent signaling pathways leading to EGFR and MAPK activation have not been studied. We now report the new finding that in non-transformed human colonic epithelial cells, SP induces EGFR and MAPK activation via a metalloproteinase-dependent pathway. Our results suggest that NK-1R engagement by SP leads to activation of metalloproteinases that specifically cleave proTGF␣, which is plasma membrane-bound. Active TGF␣ is then released into the medium that subsequently binds and activates the EGFR receptor, leading to ERK1/2 signaling. Although SP has been demonstrated to induce cell proliferation in U373 MG astrocytoma cells (27) and transformed colonic epithelial Caco2 cells (39), we now present evidence that SP induces cell proliferation FIG. 6 . TGF␣ is released into the medium in response to SP and is inhibited by the metalloproteinase inhibitors Batimastat and GM6001 and TACE inhibitor TAPI-1. Serum-starved NCM460-NK-1R cells (A) and U373 MG cells (B) were pretreated with Batimastat (BB94, 3 g/ml), TAPI-1 (8 M), and GM6001 (8 M) for 30 min, followed by SP exposure (10 Ϫ7 M) for the indicated time points. Cell culture media were collected, and TGF␣ levels were measured by ELISA. Data are expressed as means Ϯ S.E. and are representative of six independent samples. * indicates that p Ͻ 0.05, and ** indicates that p Ͻ 0.01. in non-transformed colonic epithelial cells and that this proliferation is linked to EGFR and MAPK activation following NK-1R engagement. Our data demonstrating that these responses can be reproduced in another cell line expressing high levels of endogenous NK-1R (U373 MG cells) provide physiological relevance to the results obtained with NK-1R-transfected NCM460 cells.
Our results demonstrate that SP-induced EGFR transactivation can be blocked by the matrix metalloproteinase inhibitors Batimastat and GM6001, indicating that membrane me- Together with our finding that SP exposure of NCM460-NK-1R colonocytes leads to a rapid release of mature TGF␣ into the medium, our results strongly suggest that TGF␣ may be the only EGF receptor ligand responsible for SP-induced EGFR activation in these cells.
The specific metalloproteinase(s) responsible for cleaving proTGF␣ to mature TGF␣ in response to SP appears to be TACE, which was originally known to cleave TNF␣ but then was found to be the only matrix metalloproteinase to efficiently shed proTGF␣, leading to the release of its mature form (46) . We report here that the TACE inhibitor, TAPI-1, diminished SP-induced TGF␣ release and subsequent ERK1/2 phosphorylation in NCM460-NK-1R cells, indicating that SP-induced TGF␣ release and MAPK activation were mediated by TACE. Although we did not have the opportunity to examine the participation of all metalloproteinases in SP-induced TGF␣-related EGFR and MAPK signaling, experiments with the MMP2/9 inhibitor (8 M), which blocks both MMP2 and MMP9, and with CL-82198 (8 M), an inhibitor of MMP13, did not affect SP-induced ERK1/2 phosphorylation in either NCM460-NK-1R or U373 MG cells (data not shown). Thus, MMP2, MMP9, and MMP13 are not likely to mediate SP-induced MAPK activation.
Results in this study and prior studies indicate that SPinduced MAPK activation requires the presence of a functional EGFR kinase domain (27) . Moreover, studies with G-proteincoupled receptors that transactivate EGFR indicate that the EGFR signaling pathway is linked to Ras activation (47) . Our results indicating that NK-1R engagement leads to transactivation of the EGF receptor in colonocytes are in line with our prior finding demonstrating that NK-1R stimulation leads to activation of Ras (20) . Our finding that EGF receptor transactivation is responsible for SP-induced ERK1/2 activation is also consistent with results indicating that Ras may be involved in SP-induced MAPK stimulation and cell proliferation (48) . Previous results with non-intestinal cells also demonstrated that the proliferative and antiapoptotic effects of SP required the formation of a scaffolding complex comprising internalized receptor, ␤-arrestin, src, and ERK1/2. The relationship of the SP-mediated EGFR-dependent ERK1/2 activation observed in our study to the NK-1R-related scaffolding complex reported by DeFea et al. (26) remains to be elucidated. SP failed to induce MAPK activation or EGFR transactivation in non-transfected NCM460 colonocytes. On the other hand, we were able to detect NK-1R mRNA in these cells. These results are consistent with low levels of expression of NK-1R in several cell types, including colonic epithelial cells. For example, Goode et al. (39) indicated that although several colonic adenocarcinoma cell lines were negative for NK-1R mRNA and protein, NK-1R could be induced upon exposure to a mixture of proinflammatory cytokines. Moreover, SP was also able to induce a mitotic response only in cytokine-exposed and not in untreated colonic epithelial SW620 cells (39) . Studies from our laboratory also indicate that the proinflammatory cytokines IL-1␤ and TNF␣ can induce expression of the human NK-1R in monocytic THP-1 cells at the protein and mRNA level (30) . Along these lines expression of functional NK-1R is only evident in lamina propria macrophages isolated from inflamed, but not from normal, intestine (10) . Based on these considerations, our results using NK-1R-transfected NCM460 cells may be pathophysiologically relevant taking also into account that increased levels of NK-1R expression have been noted in several forms of intestinal inflammation in animals and humans, including C. difficile colitis and inflammatory bowel disease (8 -11, 49, 50 ).
In summary, we present evidence indicating that the mechanism of SP-NK-1R-mediated EGFR transactivation in colonic epithelial cells involves activation of TAPI-1-sensitive matrix metalloproteinases (most likely TACE) able to cleave the membrane-bound precursor proTGF␣, leading to shedding of its mature form to the extracellular space. TGF␣ in turn engages the EGFR, causing its activation and leading to MAPK signaling, which induces colonic epithelial and astrocytoma cell proliferation. This novel pathway may also participate in SPrelated cell proliferation in various cell types, as well as in mucosal healing during colonic inflammation. Lastly, these NK-1R signaling events may also be important in the growing evidence for involvement of SP and NK-1R in the development and progression of tumor growth of various etiologies, including pancreatic cancer (51), human gliomas (52) , and breast cancer (53) , as well as colon dysplasia and carcinoma (54, 55) .
